The discovery of superconductivity at 39 K in MgB 2 has initiated enormous scientific interest to understand and develop this material because of its high performance for magnetic and electronic applications.
1,2 The strongly linked current flow measured from polycrystalline MgB 2 shows that this new superconductor class is not compromised by a weak-link problem. 3 The experimental results have demonstrated that high critical current density (J c ) can be achieved in a dense MgB 2 wire, which was prepared by exposing crystalline boron filaments to Mg vapor. 4 The achievement of 85 000 A/cm 2 at 4.2 K in a high dense Fe-clad MgB 2 tape fabricated with powder-in-tube ͑PIT͒ technique also promised the potential large-scale applications of this material. 5 However, MgB 2 thin films still exhibit higher J c ͑Ref. 6͒ comparing with bulk materials. It is not clear whether this phenomenon is due to anisotropic superconducting properties of the MgB 2 although anisotropic superconducting properties do exist in single crystal, in thin films as well as in the aligned crystals. [6] [7] [8] [9] For the high-field performance of MgB 2 , it was reported that a lack of natural defects might be responsible for the rapid decline of J c with increasing field strength. 10 Proton irradiation, therefore, was used to displace atoms from their equilibrium lattice sites, creating a variety of defects to depress the superconducting order parameters locally, and thereby create pinning sites to enhance the highfield J c in MgB 2 . 11 It is also believed that extremely small grains would be consistent with strong grain boundary pinning. 12 Moreover, air quenching the reaction product of Mg and amorphous B is a common technique to obtain MgB 2 superconducting material employed by a number of research groups. Although the structural feature of MgB 2 was preliminarily investigated with high-resolution transmission electron microscopy ͑HRTEM͒, 13 the origin of the weaklinkless superconductivity and also the nanostructural characteristics of the material are still not clear. In this letter, we report the observation of MgB 2 nanodomains in the quenched reaction product of Mg and amorphous B and the origin of weaklinkless superconductivity in this material.
The Fe-clad MgB 2 wire was prepared by PIT technique using a mixture of magnesium 99% purity and amorphous boron 99% purity powders in the stoichiometeric ratio of Mg:Bϭ1:2. The composite tube was drawn into 1 mm wires from 10 mm by multistep drawing. In order to investigate the nanostructural characteristics of MgB 2 , short samples in lengths of 2 cm were sealed in a small Fe tube and annealed at 745°C-840°C for 5-60 min in pure Ar atmosphere and then quenched in air. X-ray diffraction ͑XRD͒ showed that the high purity of MgB 2 ͑above 90%͒ was obtained by using the aforementioned techniques.
14 Subsequently the treated wire was mounted into a copper tube of 3 mm with epoxy and then was sliced, dimpled, and ionbeam milled to prepare the samples for HRTEM characterization. Figure 1͑a͒ shows a grain (ϳ200 nm) consisting of a cluster MgB 2 subgrains. The size of the subgrains is only one twentieth (ϳ10 nm) of the grain size. This phenomenon prea͒ Author to whom correspondence should be addressed; electronic mail: assxli@ntu.edu.sg FIG. 1. ͑a͒ HRTEM micrograph showing that the MgB 2 grains consisted of a cluster of subgrains and the grain boundary of the adjacent MgB 2 grains was constructed by the boundaries of subgrains. ͑b͒ HRTEM micrograph reveals the nanostructural characteristics of the MgB 2 , which a nanodot was surrounded by nanodomains with small angle boundaries.
APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 5 29 JULY 2002 dominated the microstructure of the materials. HRTEM image in Fig. 1͑b͒ exhibits a two-dimensional lattice image of a 1ϫ1 nm 2 MgB 2 nanodot ͑marked with A͒, which was surrounded by a few nanodomains with small angle boundaries. It can be clearly seen that the angle of the boundaries between (012 ) of nanodot A and (012 ) of nanodomain B was 3°, and the angle of the boundaries between ͑102͒ of nanodot A and ͑102͒ of nanodomain C was 7°, respectively. Other small angles, such as 5°between A ͑102͒ and B ͑102͒, 5°between C ͑102͒ and D ͑102͒, 5°between E (012 ) and F (012 ), and also 10°between A (012 ) and E (012 ), were observed in Fig. 1 . However, the ͑102͒ plane of a nanodomain ͑marked with G͒, that was apart from the nanodot, having a large angle of 45°misorientation with the ͑102͒ plane of nanodot A is discernible. This indicates that the subgrain actually consisted of a cluster of MgB 2 nanodomains ͑1-4 nm͒ and the majority of the nanodomains distributed in the subgrain with small angle boundaries. Moreover, the right-and left-hand side edge ͑102͒ planes of nanodomains A and B joined together at point H. It can be inferred that the space between these two planes is the boundary of the nanodomains and the width of the boundary is in atomic scale, which is much smaller than the coherent length of MgB 2 that is 50 Å. 4, 5 Smooth variations of atomic plane spaces ͑d spacings͒ from 4.1 to 3.5 Å and then to 3.8 Å in a span of 8.5 nm were observed in the samples ͓Fig. 2͑a͔͒. 4.1 and 3.8 Å correspond to the d spacings of MgB 6 which are 4.19 and 3.79 Å while 3.5 Å is close to the d spacing of MgB 2 ͑001͒ which is 3.52 Å. No d spacing in other possible compounds and elements, such as MgB 4 , MgB 7 , MgB 12 , MgO, Mg, and B is around 4.1 Å within the measurement error. Therefore, the correlated lattice fringe can be identified as belonging to MgB 6 . It is rather difficult to index the planes for MgB 6 because the information on its lattice parameters and structure system are not available in Powder Diffraction File ͑08-0421͒ although a number of d spacing data have been listed. However, it is clear that the observed smooth variation of the d spacings was attributed to the variations in lattice parameters caused by the composition modulations of B in the crystal and the d spacing decreased/increased with the abundance of B decreasing/increasing in the crystal. A lattice fringe of MgB 2 ͑100͒ formed on top of MgB 6 is discernible and a similar phenomenon can also be found in other regions of the sample analyzed ͓Fig. 2͑b͔͒. It seems the B-less nanodomain, MgB 2 , always formed beside the B-rich nanodomain, MgB 6 . This phenomenon combining with the modulation d spacing of a Mg-B alloy implies that the MgB 2 nanodomains usually form by the spinodal decomposition. For spinodal decomposition to occur, the initial and final structures should share a common lattice or lack of lattice, as in liquids and glasses. 15 In addition, the phase diagram should indicate miscibility gap. It is not very easy to experimentally follow the spinodal decomposition. However, HRTEM lattice images technique has been employed and a smooth variation of spacing of adjacent lattice planes undergoing phase separation 16 has been attributed to variations in lattice parameter caused by composition modulations as in spinodal decomposition. In the structure studied, the percentage of B varies from 66.67% to 85.5% as the structure varied from MgB 2 to MgB 6 suggesting the formation of many metastable reactions by continuous mechanism. This suggests the possibility of spinodal decomposition.
It is believed that MgB 2 forms via a process of diffusion of Mg vapor into boron, 4 producing a supersaturated Mg-B solution. The composition fluctuations caused by the random arrangement of B atoms in the amorphous phase caused variations of the coordination numbers around Mg atoms, thus resulting in the modulation structure in the supersaturated solution. However, the amplitude of the composition modulations should not have too much deviation from the chemical stoichiometry of MgB 2 . Therefore, by deeply quenching the materials into the miscibility gaps of Mg-MgB 2 and MgB 2 -MgB 4 , the majority of the reaction products (Ͼ90%) are MgB 2 based on the application of lever rule to the phase diagram. This has been proved by XRD analysis.
14 Although MgB 6 is a nonequilibrium phase unlike the equilibrium phases of MgB 4 and MgB 7 in Mg-B binary phase diagram, it was often observed by HRTEM. It is believed that the reaction path of the Mg-B supersaturated solution is rather complex, sometimes involving the formation of one or more intermediate nonequilibrium phases, such as MgB 6 , prior to reaching the equilibrium two-phase microstructures. 16, 17 The observation of the nonequilibrium MgB 6 formation was also reported by other research groups 7,13 even though MgB 4 was detected more frequently in the experiments. However, the determination of the multiphase nature in the samples is difficult due to the sensitivity of XRD to such a small fraction of the other phases. Figure 3 exhibits field dependence of J c calculated from M -H loops using the Bean critical theory in the samples treated with various processing parameters, such as different annealing temperatures and durations, but all the samples were quenched in air. Obviously, if MgB 2 was formed by a nucleation and growth mechanism, the various thermal treatment parameters would result in different microstructures, such as grain size, etc., thus strongly affecting the field dependence of J c . 9 However, the samples treated with different thermal parameters had similar J c at a particular measurement temperature, such as 10, 15, 20, and 30 K, respectively, as shown by groups of dotted, dashed, and solid lines in Fig.  3 . This implies that J c is independent of the thermal treatment parameters and it may be dominated by the spinodal decomposition microstructure formed in the quench processing. The relative lower J c in this study may be due to the fact A magneto-optical image of an air quenched MgB 2 slab demonstrates that almost no spatial variation of J c is visible. 2, 18 This suggests that there is no inherent string suppression of current across the grain boundaries. Obviously, the current percolation behavior in the quenched MgB 2 is determined by the nanodomains that constituted the subgrains in the clusters. In this case, the boundaries of nanodomains play an important role to affect the J c instead of the grain boundaries, which were actually the boundaries of subgrains. Since the width of the small angle boundaries between the adjacent nanodomains is much smaller than the coherent length of MgB 2 , the boundaries may not act as weak-link barriers to the current percolation paths. This may be why the MgB 2 does not show that ''weak-link'' effect characteristic of the high-T c superconductors. In fact, the large grains of 200 m in the sample sintered at 800°C for 4 h following furnace cooling decouple at high field, 19 while the nanodomain boundaries in the samples sintered at 745°C-840°C for 5-30 min subsequently air quenched present no barrier to the current.
14 This shows that the nanodomain boundaries are transparent to the percolated current.
In summary, the observation of the modulation lattice d spacing of a Mg-B alloy reveals that the MgB 2 forms in the spinodal decomposition, which results the MgB 2 nanodomains in the subgrains of the clusters. The nanodomains may be the intrinsic structure in the quenching reaction product of Mg and amorphous B and the boundaries of the nanodomains are in the atomic scale that is much smaller than the coherent length of MgB 2 . The nanodomains distribute in the subgrains with small angle boundaries. It is believed that this nanostructural characteristic is the origin to overcome the weak-link problem of high-T c superconducting oxides.
